We have synthesized a series of aza [8]cycloparaphenylenes containing one, two, and three nitrogens to probe the impact of nitrogen doping on optoelectronic properties and solid state packing. Alkylation of these azananohoops afforded the first donor− acceptor nanohoops where the phenylene backbone acts as the donor and the pyridinium units act as the acceptor. The impact on the optoelectronic properties was then studied experimentally and computationally to provide new insight into the effect of functionalization on nanohoops properties.
■ INTRODUCTION
Alternative energy technologies are needed to address increasing worldwide energy demands. 1 Organic materials are poised to play a significant role in these technologies with research focusing on their ability to harvest (organic photovoltaics, OPVs), transport (organic field-effect transistors, OFETs, and molecular wires), and store energy (batteries and capacitors). 2 Research in polymeric and small molecule based organic electronics has received a dramatic upsurge in recent years for their potential use as lightweight and flexible electronic materials. 3 Organic small molecules are relatively cheap, structurally defined, and can be functionalized to systematically study structure−property relationships. Although many strides have been made in the small molecules used to this end, the scaffold diversity is still low with the majority of research focusing on fullerene, oligothiophene, or acene-like motifs. With an understanding of the fundamental phenomena governing charge transport emerging, a more diverse toolbox of organic scaffolds is needed to guide future materials research. 4 [n]Cycloparaphenylenes ([n]CPPs) possess a unique architecture of fully conjugated bent benzenes linked in the para position to form a nanohoop. 5 This nanohoop architecture imparts several advantageous properties in relation to their linear counterparts. First, they have a narrowing highest occupied molecular orbital (HOMO)−lowest unoccupied molecular orbital (LUMO) energy gap as the number of benzene units is decreased. This trend is in stark contrast to linear conjugated materials, including poly(para-phenylenes) (PPPs), which have a narrowing HOMO−LUMO energy as the molecule becomes larger. 6 Figure 1 illustrates this dramatic effect where the HOMO−LUMO energy gap for PPPs are comparable to [18] CPP but over an electronvolt (eV) larger than that of [5]CPP. 7 The calculated energy level deviation can be explained by a strain-induced minimization of the biaryl dihedral angles as the nanohoops become smaller, 8 which effectively increases conjugation around the hoop. In addition, the smaller nanohoops have increased quinoidal character, 9 which is also advantageous for charge transport in conjugated systems. Another advantage is the unique solid-state architecture of these compounds which pack into long-range channels with multiple close π−π contacts. The curved nature of these nanohoops also affords a significant increase in solubility without the need for additional solubilizing chains. 10 Finally, the cyclic "infinite" conjugation afforded by the nanohoops framework renders them electronic hybrids between polymers and small molecules.
Significant effort has been devoted to altering the electronic properties of carbon materials, better tailoring them to specific applications. Doping of materials with a noncarbon element such as nitrogen, boron, phosphorus, or silicon has been one approach to modify properties.
11 Nitrogen doping in particular has been shown to not only enable tuning of electronics but also introduce novel reactivity into these materials. The topdown synthesis of nitrogen-doped carbon nanotubes (CNTs) has led to significant modulation of various properties. Topdown nitrogen doping techniques, however, lead to a number of possible structures as illustrated in Figure 2a making direct structure−property relationships difficult to study. Bottom-up organic chemistry approaches, on the other hand, such as those used to access azafullerene (Figure 2b ), have allowed in-depth studies of these "doped" systems and have facilitated the design of new materials.
12 Although heteroatom incorporation in carbon nanohoops has previously been achieved, 13 donor− acceptor systems have not been investigated. 14 Herein, we report the bottom-up synthesis of a family of aza [8] CPPs and their donor−acceptor alkylated counterpartsstructures in which the pyridinium unit serves as an electron-poor acceptor, and the bent phenylene unit is the electron-rich donor ( Figure  2c ). The effects of structural modifications on optical and electronic properties are presented in the context of experimental and computational studies. In addition, we provide a platform for the design of future donor−acceptor nanohoops with tailored electronic and optical properties.
■ RESULTS AND DISCUSSION
Synthesis of Aza-and Donor−Acceptor Nanohoops. Synthesis of nitrogen-doped CPPs was achieved by a scalable and modular route that leverages the inherent orthogonal reactivity of aryl chlorides and bromides to lithium halogen exchange. The synthesis relies on the construction of a dihalo or diboronate macrocyclic precursors containing oxidatively dearomatized cyclohexadiene moieties as masked arenes.
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Macrocylization is then achieved by Suzuki-Miyaura crosscoupling reactions followed by a reductive aromatization step to achieve the final nitrogen doped nanohoop structures. The synthesis of key three-ring intermediates 8a−e is summarized in Scheme 1 and began with the addition of either 4-chlorophenyllithium, 4-bromophenyllithium, 6-chloro-3-pyridinyllithium, or 6-bromo-3-pyridinyllithium to benzoquinone monoketal followed by acid-catalyzed ketal deprotection to give aryl quinols 7a−d in moderate to excellent yields. Quinols 7a− d were then deprotonated with sodium hydride and subjected to nucleophilic addition by the appropriate lithio haloarene to give the syn three-ring fragments 8a−e after in situ alkylation with methyl iodide. Note that regioselective lithiation of 2,5-dibromopyridine was selectively achieved in the 5-position under kinetic control in coordinating solvents such as THF as detailed by Wang et al. 18 X-ray crystallographic analysis of 8e confirmed the position of the nitrogen atoms and the syn configuration of the arenes (Supplementary Figure 1) . Compounds 8a and 8c were then treated with n-butyllithium and quenched with quinone monoketal followed by acid catalyzed ketal deprotection to give four-ring quinols 9a and 9b respectively. Quinols 9a and 9b were then treated with sodium hydride and subjected to nucleophilic addition of 4-bromophenyllithium followed by alkylation with methyl iodide to afford five-ring dichlorides 10a and 10b. Five-ring dichlorides 10a and 10b were then transformed to the corresponding bisboronates 11a and 11b through a Miyaura borylation with Pd(OAc) 2 , SPhos, and B 2 Pin 2 . The iterative construction of the macrocyclic precursors allows for the possibility of the introduction of a wide variety of heteroaromatics at varying positions.
Suzuki-Miyaura cross-coupling of five-ring bisboronates (11a or 11b) and three-ring dibromides (8a, 8b, or 8d) was achieved using Buchwald's second generation SPhos precatalyst to give macrocycles 12a−d in moderate yield (Scheme 1). These macrocycles were then subjected to sodium napthalenide at −78°C to give [8] CPP, aza [8] CPP (1) Solid-State Packing Morphology of Aza-and Donor− Acceptor Nanohoops. Single-crystal X-ray structure determination was performed on compounds 1 and 5. Figure 3 shows the ORTEP, packing structure, and unique interactions for each compound. Packing motifs of organic materials are critical for understanding intermolecular charge transport. 4 We were curious to how nitrogen incorporation would affect the nanohoop solid-state packing that is typically observed. The nitrogen in 1 is found to be disordered over all 32 possible locations in the solid state. The impact of simple nitrogen incorporation into the [8] CPP backbone is menial and results in a nearly identical herringbone crystal packing observed for [8] Attempts were made to order the nitrogen distribution in the solid state using cocrystallants; however these efforts resulted in similar disorder. In contrast, compound 5 had a dramatically different packing structure compared to 1−3 and any previously reported [n] CPP. Donor−acceptor nanohoop 5 was found to be ordered adopting a trans relationship for the Nmethylpyridinium triflate rings. Each nanohoop in the crystal structure has one face centered donor−acceptor interaction between its own pyridinium ring and a neighbor's electron-rich phenylene ring. The shortest contacts between these neighboring subunits is 3.35 Å and is highlighted in Figure  3c . This head to tail packing results in a 2D plane as shown in Figure 3b . The layers that make up the third dimension of the crystal structure form tubular channels similar to those seen in the solid state packing of [6] CPP. 19 Although the charge transport in nanohoops has not been explored yet, access to multiple packing motifs will help guide future design. The dipole moments of these alkylated nanohoops (SI Computational Coordinates) far exceed any previously reported nanohoops and serve as a new supramolecular design motif for their solid-state structures.
Electrochemical Properties of Aza-and Donor− Acceptor Nanohoops. A primary goal of this study was to effectively lower the LUMO energy to levels more appropriate for functional electronic materials such as the n-type semiconductor C 60 . Cyclic voltammetry (CV) was used to probe the reduction properties of [8] CPP and compounds 1−5. Oxidations fell outside of the solvent window and thus were not reported. The cathodic peak potentials for the reduction of [8] CPP and 1−3 were recorded as −2.44 V, −2.39 V, −2.32 V, and −2.39 V respectively versus the ferrocene/ferrocenium couple. Compound 4 has a cathodic peak potential at −1.49 V, while 5 had two reduction events with peak potentials recorded at −1.36 V and −1.49 V versus the ferrocene/ferrocenium couple. The voltammograms for these compounds are illustrated in Figure 4 .
In order to better understand these effects, we turned to density function theory (DFT) computational analysis ( Figure  5 ). As nitrogen content increases, calculations show a steady decrease in both HOMO and LUMO energies of approximately 0.07 eV from [8] CPP to 1, 2, and 3. Visualization of the HOMO and LUMO orbitals showed nearly complete delocalization around the entire hoop showing a slight increase in the orbital coefficient around the nitrogen containing rings. The similar lowering of both the HOMO and LUMO orbital energies can be rationalized by the similar coefficients localized on the nitrogen for either frontier orbital. Although this nitrogen doping can fine-tune the orbitals energies, it is not sufficient to dramatically alter either the HOMO or LUMO.
Alkylation of these compounds, however, results in a dramatic shifting to less negative cathodic peak potentials in accordance with DFT predictions (Figure 5 ). Alkylated (6) show a dramatic lowering of the LUMO energy level by 1.00, 1.15, and 1.36 eV respectively relative to [8] CPP. This trend again follows the experimental reduction values for 4 and 5, which show a dramatic lowering of the cathodic peak potential. Advantageously, this lowering effect was less impactful on the HOMO energy levels of nanohoop 4 and 5, resulting in a decreased HOMO energy by only 0.200 and 0.470 eV, respectively, and a net narrowing of the HOMO−LUMO energy gap. In contrast, the theoretical triply alkylated 6 HOMO energy is lowered substantially by 1.15 eV. Visualization of the HOMO and LUMO orbitals helps explain these trends. In both the mono-and bis-alkylated structures, 4 and 5, there is a significant dipole moment and localization of the LUMO on the N-methylpyridinium core. The HOMO meanwhile is localized on the bent, electron-rich phenylene backbone with orbital coefficients reaching the highest values directly opposite the N-methylpyridinium rings. Because of minimal contribution from the N-methylpyridinium core, the HOMO energies of 4 and 5 are very similar to neutral analogues 1−3, as well as [8] CPP. The separation of the HOMO and LUMO orbital densities is consistent with a donor−acceptor nanohoop motif (vide infra). The calculated triply alkylated 6 on the other hand has a much lower dipole moment, and the HOMO and LUMO orbitals are localized evenly over both the phenylene and pyridinium sections. This results in a simultaneous lowering of the HOMO and LUMO orbital energies by over 1 eV therefore maintaining a similar HOMO−LUMO energy gap as the parent compound 1,15,31-triaza [8] CPP (3). These results suggest that the position of the N-methylpyridinium rings in relation to one another plays a dramatic role in modulation of the frontier molecular orbital energies (vida infra).
Optical Properties of Aza-and Donor−Acceptor Nanohoops. All [n] CPPs share a common absorbance maximum at 340 nm and show little if any absorbance in the visible spectrum. 5b We sought to explore the impact of nitrogen and donor−acceptor incorporation on the optical properties of nanohoops. The UV−vis absorption and fluorescence spectra of [8] CPP and compounds 1−3 in dichloromethane (DCM) are depicted in Figure 6 . Time-dependent density functional theory (TD-DFT) was used to gain a more in depth understanding of the photophysical trends with major transitions depicted in Figure 7 . Orbital contributions to major and minor absorbances are outlined in the Supporting Information Tables 1−3. The major absorption for [8] ). This absorbance is comprised of four degenerate transitions, HOMO → LUMO +1, HOMO → LUMO+2, HOMO−1 → LUMO, and HOMO−2 → LUMO (red transitions in Figure 7a ). Although the HOMO → LUMO transition is formally Laporte forbidden with conservation of HOMO and LUMO orbital symmetry, it is still observed as a slight shoulder centered at 400 nm (ε = 8.5
) (purple transition in Figure 7a ). The addition of nitrogen breaks the symmetry of the molecule and thus the degeneracy between the HOMO-1 and HOMO-2 as well as the LUMO-1 and LUMO-2 orbital energies. Increasing nitrogen content in 1, 2, and 3 leads to a slight red-shifting of major absorbance to 345 nm (ε = 2.5 × reported at 533 nm. 20 In accordance with the red-shifted absorbance, the fluorescence for compounds 1, 2, and 3 are slightly shifted to 541, 544, and 542 nm, respectively. Similar to the solid-state packing and cathodic peak potentials, simple nitrogen incorporation has a marginal effect on the photophysical properties of these compounds. This minimal modulation of optical and electronic properties is consistent with other reported modified nanohoops that have high symmetry.
A more prominent change is observed upon alkylation of the aza-nanohoops. Absorbance and emission spectra for alkylated compounds 4 and 5 are depicted in Figure 6b ) respectively and correspond to the higher energy HOMO-2 → LUMO and HOMO → LUMO+2 transitions (red transitions in Figure 7c ). The second absorbing region is lower in energy and appears in the visible spectrum as a shoulder peak for 4 and 5 between 400 and 425 nm. These can be assigned to the lower energy HOMO → LUMO+1 and HOMO−1 → LUMO transitions (green transitions in Figure  7c ). The HOMO → LUMO transitions (purple transitions in Figure 5 ) are calculated to have low, yet nonzero oscillator strengths and are still orbital symmetry forbidden. This peak is observed as a weak low energy feature at 460 and 554 nm for 4 and 5 respectively. Although alkylated compounds 4 and 5 were nearly nonemissive, a red-shifted fluorescence was observed at 598 and 630 nm, respectively. This is nearly a 100 nm shift from the formally neutral species, which emit around 542 nm. This correlates well with the theoretical difference in the HOMO−LUMO energy gap between the neutral compound ( [8] CPP and 1−3) and the alkylated compounds (4 and 5). This observation supports the theory that emission likely occurs from the lowest energy excited S 1 state in accordance with Kasha's rule or a related, vibrationally relaxed excited state S 1′ as postulated by Tretiak et al.
■ METHODS
The synthesis and characterization of all new compounds were executed by standard methods and are fully described in the Supporting Information. The effects of nitrogen incorporation on the electronic structure and properties of [8] CPP were explored in detail for the target molecules 1−5 using DFT calculations at the B3LYP/6-31g* level of theory using Gaussian 09. 15 Ground state geometry optimizations were first performed in the gas phase. Although geometries and orbital densities from these calculations have been shown to correlate well with experimental values, the addition of charged species are known to give inaccurate values for orbital energies. In the gas phase, charged species have high electrostatic interactions, which cause the calculated orbital energies to be inaccurate. Mujica et al. recently showed that this discrepancy can be corrected by minimizing each geometry in the gas phase while omitting the counterion for charged species. 16 A solvated (acetonitrile) single point energy calculation is then performed using the conductor-like polarization continuum model (CPCM). This method gives stronger correlation between computed frontier orbitals and experimental reduction and oxidation values for both charged and neutral aromatic species. In accordance with this report, all compounds in this work were treated with the outlined workflow described above. TD-DFT was used to predict and assign optical absorbances again using CPCM with acetonitrile as the solvent. The computed values are red-shifted in relation to the experimental spectra. This trend is commonly observed; however, the peak shape and relative intensity matched the experimental results allowing assignment of optical transitions.
■ SIGNIFICANCE AND OUTLOOK
At the outset of this project, we aimed to use nitrogen incorporation to theoretically and experimentally explore the impact on the HOMO and LUMO energy levels of nanohoops. Gratifyingly, we were able to elucidate a strategy which, in the case of highly polarized compounds 4 and 5, can lower the LUMO energy independent of the HOMO energy resulting in a net lowering of the HOMO-LUMO energy gap. The LUMO orbital energy levels achieved through alkylation of the aza [8] CPP are on the cusp of the desirable range of −3.0 eV to −4.0 eV for use as organic electronic materials. 22 Also we find that by incorporating multiple N-methylpyridinium units in a highly symmetric structure (6) we are able to drop both the LUMO and HOMO energies equally, a feature that is important when designing organic devices with high open circuit voltages (V oc ). With these results and a basic understanding in hand, we attempted to further probe the concept of the donor−acceptor nanohoop in order to guide future design.
With the difficulties associated with the synthesis of triply alkylated structure 6, we sought to explore the possibility of attaining similar HOMO−LUMO energy levels by changing the relative positioning in the doubly alkylated diaza [8] CPP scaffold. This effect was computationally studied by changing the relative pyridinium position in the N,N-dimethyl-x,ydiaza [8] CPP scaffold where x and y represent the relative position of each nitrogen in the hoop (Figure 8) . The three regioisomers shown, in addition to compound 5, highlight the importance of the relative positioning of the acceptor groups. The (1, 8) isomer (Figure 8, left) has the lowest lying LUMO with orbital localization primarily on the electron-poor pyridinium rings. The HOMO remains localized on the bent, electron-rich phenylene backbone maintaining an energy closer to neutral compound 5. This gives a HOMO−LUMO energy gap of 1.7 eV, a value that coincides with a significant increase in the calculated absorption in the visible spectrum (Supplementary Figure 18) . When the pyridinium rings are opposite one another in the (1,27) position (Figure 8, right) , a significant increase in orbital coefficients is observed for the HOMO and LUMO on both the pyridinium and phenylene sections resulting in a lowering of both energies, while maintaining a HOMO−LUMO energy gap around 3.0 eV. These results emphasize the need to construct nanohoops with high dipole moments rather than high symmetry, as has been primarily investigated, in order to attain low HOMO−LUMO energy gap materials.
13b, 23 This aspect offers yet another control element when designing future donor−acceptor nanohoops. The use of alternating donor and acceptor moieties in organic materials is ubiquitous in both polymeric and small molecule organic electronics and is often used to construct chromophores and narrow HOMO−LUMO energy gaps. 24 In the current study, the N-methylpyridinium ring acts as the acceptor, and the strained paraphenylene backbone serves as the donor. To assess the generality of this finding, we computationally explored a common donor benzodithiophene (BTD) and acceptor benzothiadiazole (BT) in the context of [6] cycloparaphenylene ([6]CPP) and linear [6] oligophenylene ([6] OPP) ( Figure 9 ). As shown, [6] CPP has a 1.01 eV narrower HOMO−LUMO energy gap compared to [6] OPP. As expected, the LUMO energy drops for both [6] OPP and [6] CPP when the acceptor BT is incorporated. Interestingly, the addition of the donor BTD leads to a raising of the HOMO energy for the linear [6] OPP, but has little to no effect on the cyclic [6] CPP. Finally, incorporation of both the donor BTD and the acceptor BT leads to a raising of the HOMO energy and lowering in the LUMO energy for the linear [6] OPP, but only a lowering of the LUMO energy in the case of the cyclic [6] CPP. The HOMO−LUMO energy gap for the donor− acceptor [6] OPP drops to 2.70 eV, while the HOMO−LUMO energy gap for the donor−acceptor cyclic [6] CPP remains nearly identical to the BT substituted [6] CPP. This result suggests that the bent CPP backbone itself is a good donor and that addition of complex donor heterocycles is unnecessary therefore simplifying synthetic efforts toward donor−acceptor nanohoops. Advantageously, the bent phenylene backbone acts as a good donor on its own where donor strength can be tuned by changing the size of the hoop. These findings highlight the importance of exploring acceptor-containing nanohoops in future materials.
■ CONCLUSION
In conclusion, the modular syntheses of aza [8] CPPs were developed in order to probe the impact of nitrogen doping on nanohoop optical, electronic, and solid state properties. Increasing nitrogen content led to a slight red shifting in both the absorbance and fluorescence and dropped the cathodic peak potential for reduction on average by 0.07 V. Similar to its modulation of the optical and electronic properties, nitrogen content had little influence on the solid state structure of the nanohoops. Further alkylation of these aza-nanhoops, however, afforded donor−acceptor nanohoops resulting in increased absorbance in the visible spectrum and over a 0.5 V decrease in cathodic peak potential. The high dipole moment (through-bond and through-space) of the alkylated aza-nanohoops afforded topologically unique solidstate nanohoop packings. The synthesis and characterization of these aza-nanohoops have led to a deeper understanding of the impact of structural modification on the optical and electronic properties of these nanohoops. We find that incorporation of electron-poor acceptors has a more dramatic effect on the electronic structure of nanohoops than incorporation of electron-rich moieties. This feature implies that the bent phenylene architecture intrinsically acts as a good donor, and donor strength can be tuned by nanohoop size. In addition, relative positioning of multiple acceptor groups leads to nanohoops with dramatically different properties. With the ability to modularly construct novel nanohoops and with emerging strategies to introduce functional groups in a mild manner, we have begun to target and examine the donor− acceptor structures with the most promising electronic features. 5, 25 We anticipate that the donor−acceptor nanohoop architecture will be an important additional tool in the organic materials chemistry tool box.
